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Highlights 
• This paper focuses on dynamic pressure variations against water cushion at impingement area. 
• An experimental study is conducted to define the effectiveness of water cushion for scour prevention. 




A free-fall water jet released from a spillway may cause significant scour on the downstream river 
reaches due to high dynamic pressures. Energy dissipators are generally used at the downstream 
of a spillway to disperse the energy of the water jet. In case of low air concentration, the jet may 
hit the river bed with high dynamic pressure heads that can cause significant scour adjacent to the 
dam body. The scour can cause significant stability problems on the dam body. To prevent the 
phenomenon, water cushion can be a practical tool to reduce the jet impact at the impingement 
area. In this study, the effectiveness of the water cushion is inspected by measuring the dynamic 
pressure variations against different discharges and varying water cushion levels. The results of 
the experimental study show that dynamic pressure reduction is reversely proportional to the 
water cushion level until a certain discharge. Then, water cushion level changes become 

















Scour downstream of a dam can be a significant threat to the stability and safety of a dam. The reasons for 
this phenomenon and its solution means has been investigated through several types of researches [1-8]. 
Castillo and Carrillo [9] revealed a study about scour, velocity distributions and pressure dispersions 
produced by a spillway of the Paute-Cardenillo dam in Ecuador. The scour at the downstream of the dam 
was examined for design discharges of the prototype. They concluded that the scour generated by the jet 
can be reached up to 21 m down from the river bed. Bollaert [10] initially investigated the physics of rock 
which can be broken because of turbulent water jets issued from high-head hydraulic structures. Then, scour 
formation at the downstream of the hydraulic structure was inspected for scour predictions using near-
prototype scaled model namely the Comprehensive Scour Model (CSM). The model has been used to 
conduct some case studies for comparing the test results with real-life projects. The scour prediction results 
of CSM show that the model scale may not be directly applicable to the prototypes. Pagliara et al. [11] 
conducted an experimental study to investigate plunge pool scour depending on various jet parameters. 
Some empirical equations are proposed to determine water jet design criteria such as impact angle, jet 
shape, and air content by manipulating test facility and experimental conditions. 
In this study, an experimental investigation is conducted to evaluate dynamic pressure variations against 
changing water cushion levels for six different discharges coming from an uncontrolled spillway.
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2. EXPERIMENTAL SETUP 
 
Laleli Dam and HEPP model was used to perform experiments about dynamic pressure variations which 
are the main reason for scour at the downstream of a spillway (see Figure 1). The model was constructed 
with 1/25 scale using Froude similarity law. The reservoir was connected to an uncontrolled spillway with 
an angle of αb=550. A fixed circular flip bucket geometry was used during the experiments. The take-off 
angle selected as αj=300. The radius of the flip bucket was Rb=0.60 m. Width of the spillway modelled as 




Figure 1. Hydraulic Model 
 
10 Huba (Switzerland) pressure transmitters were employed to record pressure distribution. These 
transmitters were installed in a 2 m waterproof plexiglas box and fixed on the ground downstream of the 
flip bucket (see Figure 2). 
 
 
Figure 2. Installment of Pressure transmitters on the channel floor 
 
Each data recorded in using 40 Hz frequency for 180 second. As a result, 7200 data were analyzed to 
determine the dynamic pressure distribution on the channel. Once the discharges and tail water level were 
established, the parameters flow depth, hj, velocity of the jet at bucket lip, Vj, and throw distance at the 
point the jet strikes the water cushion, L were set, total pressure variations were recorded at each transmitter 
from the beginning to the end of the jet impact on the channel bottom. 
 
 





3.1. Discharge Calculation 
 
Discharge was calibrated using two control section. One of them was ogee crest located on the upstream of 
the spillway and the other was a sharp crested weir at the end of 1 m wide rectangular canal. Sharp crested 
weir formula was used to determine the discharge for rectangular channels [12]. Discharges were cross-
checked according to water levels obtained from the ogee crest and the sharp crested weir located at the 
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where 
𝐶𝑑 = 0.611 + 0.08 (
𝐻𝑐
𝑃
)  (2) 
where 𝐶𝑑 is the discharge coefficient, 𝑃 is the height of the crest, 𝐻𝑐 is the water level above the crest and 
𝑏 is the channel width located at the end of the test facility.  
Experiments were conducted for the discharges, 𝑄, 70, 100, 130, 160, 190, 220 lt/s. Since the scale of the 
model was selected as 1/25, the prototype discharge values can be calculated from Froude similarity as 
218.8, 312.5, 406.3, 500, 593,8 and 687.5 m3/s. The test program included several experiments. For each 
discharge, water cushion level was increased from 0.25 m to 0.75 m with 0.1 m interval and same tests 
were conducted (see Figure 3). 
 
 
Figure 3. Dispersed jet and water cushion at the impingement area 
 
3.2. Free Trajectory and Throw 
 
Generally, trajectory lengths in frictionless domain are calculated using projectile motion theory [13]. 
Trajectory length in frictionless domain Lt, can be calculated under the action of gravity only. However, air 
resistance drastically affects throw distance of water jet especially in prototype scale. In this study, 
trajectory length for each discharge is calculated using Kawakami’s equation to define the best location of 
the pressure transmitters box. Depending on some field investigations, Kawakami [14] proposed an 
empirical equation to calculate trajectory lengths under air resistance for the prototype scale. He introduced 
an air resistance coefficient, k for Equations 3-4; 
 






) 𝑙𝑛(1 + 2𝑘𝛼𝑉𝑗 𝑐𝑜𝑠 𝛼𝑗)  (3) 
 
𝛼 = 𝑡𝑎𝑛−1(𝑘𝑉𝑗 𝑠𝑖𝑛 𝛼𝑗)  (4) 
 
where L is the throw distance considering air resistance, k is the air resistance coefficient, Vj is the velocity 
at the flip bucket lip, αj is the water jet angle.   
Kawakami [14] also shows empirical relationship both Vj-k and Lt-L corresponding to various values of Vj 
(see Figure 4). It would be seen that the effect of air resistance is small whenever Vj  is less than 20 m/s but 
it reduces the throw distance by about 30% when the velocity is about 40 m/s. 
 
 
Figure 4. Effect of air resistance on jet trajectory [14] 
 
To calculate trajectory lengths with air entrainment using Equation (3), prototype jet velocities should be 
calculated benefiting from measured model velocities to obtain correct k values from Figure 4. As we 


















Using Equation 5.,  measured model jet velocities are re-calculated for defining prototype jet velocities. By 
doing so, the air resistance coefficient can be selected from Figure 4 and trajectory lengths with air 
resistance are calculated accordingly. 
 
3.3. Dynamic Pressure Measurements 
 
By fixing the discharge and defining the approximate trajectory location, pressure measurement was 
performed for different water cushion levels as stated in Section 3.1. Ten pressure transmitters were used 
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record total pressure values using pressure transmitters. Every pressure transmitter records the total pressure 
head, PT consists of hydrostatic, Ph and hydrodynamic pressure, Pd heads. Since the pressure heads are 
directly recorded by the transmitters, dynamic pressure values can then be calculated by subtracting the 










  (6) 
 
where Pd is the dynamic pressure, PT is the total pressure recorded by transmitter, Ph is the hydrostatic 
pressure resulted from the water cushion level, γ is the specific weight of water. 
Since the recorded pressure values were all positive, average dynamic pressures were determined only 
averaging the data for each water cushion level. 
 
4. THE RESEARCH FINDINGS AND DISCUSSION  
 
4.1. Discharge Determination 
 
Discharges used in the tests are calculated using Equation (1). The water level on the sharp-crested weir, 
Hc at the end of the test facility is used to determine required discharge values. Also, water level on the 
ogee crest, Hr connected with the model reservoir is measured to check the correctness of the discharge 
calculation. 6 different discharge values are selected to perform experiments (see Table 1). 
 
Table 1. Discharge calculation parameters and selected discharges. 
Hr (m) Hc (m) P (m) Cd b (m) Q (m3/s) 
0.124 0.106 0.15 0.66 1.0 0.07 
0.157 0.135 0.15 0.68 1.0 0.10 
0.185 0.158 0.15 0.69 1.0 0.13 
0.216 0.184 0.15 0.70 1.0 0.16 
0.236 0.20 0.15 0.71 1.0 0.19 
0.263 0.221 0.15 0.72 1.0 0.22 
 
4.2. Trajectory Length Determination 
 
Accurate positioning of the pressure transmitters box is vital to get reliable dynamic pressure values using 
DAQ software. To do so, trajectory lengths are calculated using Equation (3) for each discharge values in 
advance and the box is positioned accordingly. Related data and calculated trajectory lengths are given in 
Table 2. 
 
Table 2. Trajectory length calculation parameters and calculated trajectories. 
Q (m3/s) Vj (m) 
k 
(from the graph) 
αj (0) L (m) 
0.22 7.86 0.025 30 5.34 
0.19 7.66 0.0235 30 5.10 
0.16 7.41 0.022 30 4.78 
0.13 7.07 0.021 30 4.36 
0.10 6.58 0.020 30 3.79 
0.07 5.83 0.0195 30 2.98 
 
Since the approximate location of the jet trajectories are defined, dynamic pressure values can be recorded 
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4.3. Dynamic Pressure Measurements 
 
Dynamic pressure values at the downstream of the spillway bucket vary depending on the discharge, air 
entrainment ratio, turbulence, and water cushion level. In this study, six different discharges are selected, 
and related dynamic pressure values are recorded according to varying water cushion level. Dynamic 
pressures for each discharge value are calculated using Equation 6 and shown in Figure 5. 
 
 
Figure 1. Dynamic pressure values with respect to varying water cushion levels for (a) 0.22 m3/s, (b) 
0.19 m3/s, (c) 0.16 m3/s, (d) 0.13 m3/s, (e) 0.10 m3/s, and (f) 0.07 m3/s 
 
By examining the graphs in Figure 5, high dynamic pressure values are observed for low discharges 
comparing with the higher ones, even if the water cushion level is maximum. Also, we must consider the 
other phenomena decreasing the impact by increasing the water discharge. This incident may occur due to 
following reasons; 
• There is not enough water flow at the impingement area. Hence, the energy of the jet may not 
dissipate horizontally.   
•  When the discharge values getting lower, the air entrainment may not sufficient for energy 
dispersion of the water jet. So, high dynamic values are recorded for low discharge levels. 
• Impingement angle of the water jet for low discharges are getting closer to 900. Therefore, much 
more vertical jet impact may generate high dynamic pressure values. 
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High discharge values might have resulted in a high level of an air-water mixture that may create a positive 




Scour downstream of a spillway is one of the most significant issues among the design criteria of dams and 
hydroelectric power plants. Plunge pools with constant water cushion levels are generally considered as a 
good solution for design of a dam. Plunge pools are also designed depending on the design discharge of a 
spillway. However, released water from the spillway varies according to flood conditions and requirements. 
Therefore, unpredictable dynamic pressures that can cause significant amount of scour might be observed 
along the river bed.  
This study reveals a model study on dynamic pressure variations for different discharges and shows that 
increasing the water cushion level is not sufficient alone to decrease the impact of the jet on the ground. It 
can also be concluded that further investigations should be performed to propose a reliable scour prevention 




This experimental study is conducted on Laleli Dam and Hydroelectric Power Plant model built for DSIM 
Projects in Middle East Technical University Hydromechanics Laboratory. 
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